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INTRODUCTION 

T h e r e  have  been  a number o f  s t u d i e s  d e a l i n g  w i t h  t h e  impact  o f  
v a r i o u s  c a t a l y s t s  i n  c o a l  g a s i f i c a t i o n  ( 1 , 2 , 3 , 4 , 5 )  and one  c a t a l y t i c  
p r o c e s s  f o r  SNG ( 6 )  h a s  been o p e r a t e d  s u c c e s s f u l l y  i n  a l a r g e  p i l o t  
p l a n t .  T h i s  p a p e r  a n a l y z e s  t h e  p o t e n t i a l  v a l u e  o f  c a t a l y s t s  i n  c o a l  
g a s i f i c a t i o n .  The p a p e r  w i l l  f i r s t  d i s c u s s  what i s  t h e  p rope r  o p e r a t i n g  
range  f o r  a g a s i f i e r  b y  r ev iewing  t h e  thermodynamic and k i n e t i c  
c o n s t r a i n t s  o f  c o a l  g a s i f i e r s ,  t h e n  a n a l y z e  t h e  q u e s t i o n  a s  t o  what 
t y p e  of c a t a l y s t  i s  r e a l l y  r e q u i r e d .  Both s y n g a s  p r o c e s s e s  and SNG 
p r o d u c t i o n  w i l l  be d i s c u s s e d .  

i n  c o a l  g a s i f i c a t i o n .  

(8)  t h a t  t h e r e  would b e  a s i g n i f i c a n t  p r o c e s s  advan tage  f o r  a c a t a l y s t  
t h a t  cou ld  o p e r a t e  a t  1000-llOO°F. 
t e m p e r a t u r e s  c o n t a i n s  m a i n l y  C H 4  and CO . 
r e q u i r e m e n t s  a r e  l o w  and  c a n  b e  s u p p l i e a  by s u p e r h e a t e d  s t eam,  which 
s i m p l i f i e s  t h e  p r o c e s s  c o n s i d e r a b l y .  Steam c o n v e r s i o n  is low, b u t  t h i s  
d i s a d v a n t a g e  is overcome by t h e  o t h e r  a d v a n t a g e s  of  such  a s i m p l e  
p r o c e s s .  The l o w e s t  o p e r a t i n g  t e m p e r a t u r e  t h a t  h a s  been a c h i e v e d  w i t h  
good c o n v e r s i o n  o f  ca rbon  and s team is  1300OF. 
r e q u i r e s  a v e r y  h i g h  c o n c e n t r a t i o n  o f  po ta s s ium hydrox ide  or po tas s ium 
c a r b o n a t e  i n  t h e  c o a l .  A s  r e c o v e r y  i s  d i f f i c u l t ,  t h e  h i g h  
c o n c e n t r a t i o n  o f  p o t a s s i u m  i n c r e a s e s  c a t a l y s t  l o s s e s  and r e d u c e s  t h e  
economic i n c e n t i v e .  A t  a t e m p e r a t u r e  o f  1300°F s i g n i f i c a n t  amounts o f  
C O  and H a r e  formed. The p r o c e s s  deve loped  by Exxon s e p a r a t e s  t h e s e  
g a s e s  f r & n  t h e  methane  and r e c y c l e s  them t o  t h e  r e a c t o r .  
a c a t a l y s t  w i th  a h i g h  m e t h a n a t i o n  a c t i v i t y .  W e  w i l l  show t h a t  a 
c a t a l y s t  o p e r a t i n g  a t  1400-1500° c o u l d  a l s o  be a c c e p t a b l e  bu t  t h e  
p r o c e s s  would have  t o  b e  m o d i f i e d .  By p r o p e r  m o d i f i c a t i o n  t h i s  p r o c e s s  
should  be  c o m p e t i t i v e  w i t h  t h e  p r o c e s s  proposed  by  Exxon and c o u l d  
u t i l i z e  c h e a p e r  c a t a l y s t s ,  o r  lower  c a t a l y s t  c o n c e n t r a t i o n s .  

2 )  Syngas  G e n e r a t i o n .  In syngas  g e n e r a t i o n  t h e  thermodynamic 
optimum ( 8 )  is a t  c o n d i t i o n s  where c o a l  g a s i f i c a t i o n  is f a s t .  However, 
f o r  many c o a l s  i t  is  d i f f i c u l t  t o  o p e r a t e  a t  t h e s e  c o n d i t i o n s .  The 
o n l y  g a s i f i e r  t h a t  h a s  a c h i e v e d  o p e r a t i o n  c l o s e  t o  t h e  thermodynamic 
optimum is  t h e  B r i t i s h  Gas C o r p o r a t i o n  s l a g g i n g - t y p e  g a s i f i e r  o r  BGC 
s l a g g e r .  However, t h e  BGC s l a g g e r  is n o t  s u i t a b l e  f o r  a l l  Coa l s .  I n  
f l u i d  bed g a s i f i e r s ,  o n e  h a s  t o  o p e r a t e  a t  lower  t e m p e r a t u r e s  t o  
p r e v e n t  a g g l o m e r a t i o n  or a s h  m e l t i n g .  Under such  c o n d i t i o n s  h i g h  
c o n v e r s i o n  of t h e  c h a r  is d i f f i c u l t  a s  t h e  g a s i f i c a t i o n  r e a c t i o n  i S  
v e r y  s low a t  t e m p e r a t u r e s  below 1700'F i f  c h a r  c o n v e r s i o n  is  t o  exceed 

There a r e  a few s e p a r a t e  a r e a s  i n  which c a t a l y s t s  would be v a l u a b l e  

1) SNG P r o d u c t i o n .  In  SNG p r o d u c t i o n  i t  h a s  a l r e a d y  been shown 

The g l o b a l  e q u i l i b r i u m  a t  t h e s e  
The r e a c t i o n  h e a t  

Opera t ing  a t  1300' 

T h i s  r e q u i r e s  

70% (9) * 
The Winkler  g a s i f i e r  a s  well a s  p r e s e n t  second g e n e r a t i o n  f l u i d  bed 

g a s i f i e r s  f o r  s y n g a s  a l l  o p e r a t e  i n  a p a r t i a l  o x i d a t i o n  reg ime which 
r educes  t h e i r  t h e r m a l  e f f i c i e n c y  and i n c r e a s e s  t h e  amount o f  oxygen 
r e q u i r e d .  A p r o p e r  c a t a l y s t  o p e r a t i n g  a t  1500-1fi00°F c o u l d  a l l o w  h i g h  
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carbon and steam conversion and could 
operating problems faced by all fluid ged gasifiers. 

significantly contribute to improved coal gasification processes is in 

the coal prior to feeding it to the gasifier. However, this leads to 

and prevent efficient heat recovery from the product gas. If those 

devolatilization zone itself to methane and char, this would simplify 
the process scheme. 

4) Improved Devolatilization. In a two-stage process, the results 
obtained in the devolatilization zone are very important. The amount 
of Coal devolatilized in this stage as well as the product distribution 
strongly depends on the devolatilization conditions. A proper catalyst 
could change both the product yield and product distribution in the 
devolatilizaton zone. 

Aside from the development of the Exxon process, most work on the 
effect of catalysts has concentrated on item two: acceleration of the 
gasification reaction. Almost no measurements are available as to 
whether these catalysts also accelerate the methane formation reaction, 
nor is there any reported study of the effect of catalysts on items 3 
and 4 listed above. 

1) Use of Catalysts in SNG Production 

discussed in detail in (ref. lo), and we will here only summarize them. 

otentially solve the inherent 

3 )  Gas Cleanup. The third area in which catalysts could 

1 the area of gas cleanup. There is a strong advantage in devolatilizing 

l the formation of tars and phenols which require expensive gas cleanup, 

I products could be cracked at high temperatures, preferably in the 
I 

Let us now shortly discuss each item separately. 

The thermodynamic and kinetic constraints of SNG processes are 

Present catalysts do not promote the direct reactions 
1) C + H20 -> 1/2CH4 + 1/2C02 

1.5C + H20 -> 1/2CH4 + CO 2) 

In present gasifiers and catalysts, methane is formed in several 

1) devolatilization of coal 
2)  
3) hydrogasification of coal 

ways: 

reaction between CO and H20 o r  CO and H2 

The CO, H2 and C02 are formed by the reaction 

C + H20 -> CO + H2 3 )  

CO + H 0 -> C02 f H 4) 
Methanation of CO f o r  C02) with2hydrogen by the reaction 

CO + 3H2 -> CH4 + H20 5 )  

requires (10) that the CH, concentration is lower than: 

where K is the equilibrium constant of reaction 5 .  
This onyy occurs when the CH4 concentration is less than required by 
global equilibrium. 

generated by gasification is therefore limited by global equilibrium 
over char (10). There is one exception. At high temperatures the 
amount of methane generated by devolatilization is larger than is 
consistent with global equilibrium. This excess methane will react 

In the gasification zone the maximum amount of methane that can be 

67 



wi th  s team i n  t h e  r e v e r s e  r e a c t i o n  (10).  However, i f  t h i s  r e a c t i o n  is 
s low,  t h e  methane  c o n c e n t r a t i o n  a t  t h e  g a s i f i e r  o u t l e t  w i l l  be  above  
t h e  g l o b a l  e q u i l i b r i u m .  

I f  SNG is  t h e  d e s i r e d  p r o d u c t ,  t h e n  t h e r e  is an  advan tage  t o  
i n c r e a s i n g  t h e  d i r e c t  methane y i e l d  i n  t h e  g a s i f i e r .  We d e f i n e  h e r e  
d i r e c t  methane y i e l d  f o r  a n  SNG p r o c e s s  a s  

D i r e c t  methane  y i e l d  = CH4 
C H 4 +  $CO+ H2) 

where [CH ] ,[CO] a n d  [H2] a r e  t h e  molar  f r a c t i o n s  o f  t h e s e  compounds i n  
t h e  g a s i f f e r  o u t l e t .  
p roduc t  i on .  
1) I t  r e d u c e s  t h e  c l e a n u p  c o s t  o f  t h e  p roduc t  gas .  
2 )  I t  r e d u c e s  t h e  h e a t  r e q u i r e m e n t s  i n  t h e  g a s i f i c a t i o n  zone ( o r  t h e  
r e c y c l e  r e q u i r e m e n t s  i n  t h e  Exxon p r o c e s s ) .  T h i s  is o n l y  c o r r e c t  i f  
t h e  methane f o r m a t i o n  o c c u r s  i n  t h e  g a s i f i c a t i o n  zone. I f  t h e  C o  
formed i n  a h i g h  t e m p e r a t u r e  zone r e a c t s  t o  methane i n  a low 
t empera tu re  zone ,  t h i s  d o e s  n o t  reduce  t h e  h e a t  r e q u i r e m e n t s .  

methane formed i n  t h e  d e v o l a t i l i z a t i o n  zone (10).  T h i s  r e q u i r e s  a 
c o u n t e r c u r r e n t  scheme such  a s  t h e  one g i v e n  i n  F ig .  1, model 2. T h i s  
scheme can b e  approx ima ted  i n  a f l u i d  bed by u s i n g  a two-s t age  g a s i f i e r  

such  a s  i n  model 3 .  Both c o u n t e r c u r r e n t  schemes have  t h e  f u r t h e r  
advantage  t h a t  t h e  c o a l  is p rehea ted  w i t h  g a s i f i e r  e f f l u e n t s .  The 
d i f f e r e n c e  i n  t h e  thermodynamic c o n s t r a i n t s  between model 2 and 3 i s  
s m a l l .  W e  w i l l  t h e r e f o r e  use  model 3 f o r  p r e s e n t i n g  o u r  r e s u l t s .  

g a s i f i e r  d e s i g n .  I n  a c o u n t e r c u r r e n t  o r  moving bed o r  two-s t age  
g a s i f i e r ,  t h e  methane  from d e v o l a t i l i z a t i o n  h a s  no impact  on  t h e  g l o b a l  
e q u i l i b r i u m .  In a o n e - s t a g e  g a s i f i e r  t h i s  methane is  g e n e r a t e d  i n  t h e  
g a s i f i c a t i o n  zone and  a f f e c t s  t h e  e q u i l i b r i u m .  

There a r e  no a c c u r a t e  e s t i m a t e s  a s  t o  how much methane is formed 
by d e v o l a t i l i z a t i o n .  T h i s  s t r o n g l y  depends  on c o a l ,  o p e r a t i n g  
c o n d i t i o n s ,  t e m p e r a t u r e  and of p a r t i a l  p r e s s u r e  o f  s team and hydrogen 
The b e s t  e s t i m a t e s  we have  a r e  from t h e  BGC s l a g g e r  and t h e  Dry Ash 
Lurg i ,  though i n  b o t h  c a s e s  t h e  f low is c o u n t e r c u r r e n t  and p a r t  o f  t h e  
methane c o u l d  be formed by me thana t ion  i n  t h e  c o o l  zone j u s t  below t h e  
d e v o l a t  i l  i z a t  i on  zone .  

Our e s t i m a t e s  o f  t h e  methane formed by d e v o l a t i l i z a t i o n  a r e  t a k e n  
from r e f .  11. There  is one  more f a c t o r  t h a t  a f f e c t s  d i r e c t  methane  
y i e l d .  Wi thou t  a c a t a l y s t  me thana t ion  is s low.  Some c a t a l y s t s  promote 
g a s i f i c a t i o n  ( r e a c t i o n  3 ) ,  b u t  do  no t  promote m e t h a n a t i o n .  We c a n  
t h e r e f o r e  l o o k  a t  a l i m i t i n g  c a s e  i n  which no m e t h a n a t i o n  o c c u r s  i n  t h e  
g a s i f i e r  . 
t y p e s  o f  g a s i f i e r s  o p e r a t i n g  a t  g l o b a l  e q u i l i b r i u m  wi th  E a s t e r n  c o a l .  
We choose  E a s t e r n  c o a l  a s  o u r  main example s i n c e  t h e  main need f o r  a 
c a t a l y s t  is i n  t h e  g a s i f i c a t i o n  o f  E a s t e r n  c a k i n g  c o a l s .  W e  g i v e  
d i r e c t  methane y i e l d  r a t i o  f o r  two p r e s s u r e s  ( 4 0 0  and 1000 p s i a )  and 
f o r  two g a s i f i e r  models .  One, ( c u r v e  B ) ,  is a s i n g l e  s t a g e  mixed 
g a s i f i e r .  For  i t  w e  p r e s e n t  two l i m i t i n g  c a s e s .  I n  t h e  f i r s t  we 
assume g l o b a l  e q u i l i b r i u m  i n  t h e  g a s i f i c a t i o n  zone. I n  t h e  second 
( cu rve  D )  w e  assume t h a t  no me thana t ion  o c c u r s  i n  t h e  g a s i f i e r ,  o n l y  
d e v o l a t i l i z a t i o n .  ~f t h e  methane y i e l d  a t  g l o b a l  e q u i l i b r i u m  is h i g h e r  
t h a n  t h a t  formed by d e v o l a t i l i z a t i o n ,  we assume i t  t o  be e q u a l  t o  t h a t  
formed by d e v o l a t i l i z a t i o n .  ~f i t  is lower ,  w e  assume t h a t  i t  i s  equa l  
t o  g l o b a l  e q u i l i b r i u m .  T h i s  assumpt ion  makes s e n s e  a t  h i g h  t empera tu re  

I n c r e a s i n g  t h i s  r a t i o  h a s  two a d v a n t a g e s  f o r  SNG , 

The d i r e c t  y i e l d  c a n  be  i n c r e a s e d  by p r o p e r  u t i l i z a t i o n  o f  t h e  

The maximum d i r e c t  methane y i e l d  w i l l ,  t h e r e f o r e ,  depend a l s o  on 

In F ig .  2 t h e  d i r e c t  methane y i e l d  r a t i o  is  p l o t t e d  f o r  s e v e r a l  
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s i n c e  t h e  methane s t eam r e a c t i o n  is f a s t  w i t h o u t  a c a t a l y s t .  

(model 111). Here ,  we a l s o  g i v e  two c a s e s .  One ( c u r v e  A)  i n  which t h e  
methane fo rma t ion  i n  t h e  g a s i f i c a t i o n  zone is a t  g l o b a l  e q u i l i b r i u m .  
The o t h e r  ( c u r v e  C )  where no methane f o r m a t i o n  o c c u r s  i n  t h e  
g a s i f i c a t i o n  zone. 

e q u i l i b r i u m .  Oxygen and s team a r e  f ed  t o  t h e  g a s i f i e r  a t  1000°F. W e  
n o t e  t h a t  a t  low t e m p e r a t u r e s  (be low 1700'F) t h e r e  is v e r y  l i t t l e  
d i f f e r e n c e  between c u r v e  C and D. A t  s t i l l  lower  t e m p e r a t u r e s  t h e  
d i f f e r e n c e  between A and B d i s a p p e a r s .  The main adven tage  of p r i o r  
d e v o l a t i l i z a t i o n  is a t  h i g h e r  t e m p e r a t u r e s .  A t  1500 F t h e  advan tage  i n  
t e rms  o f  d i r e c t  methane y i e l d  is s i g n i f i c a n t  o n l y  f o r  t h e  c a s e  where we 
have a c a t a l y s t  t h a t  p romotes  m e t h a n a t i o n  i n  t h e  g a s i f i c a t i o n  zone. 

W e  n o t e  in  F ig .  2 t h a t  w h i l e  i n c r e a s e d  p r e s s u r e  ( F i g .  2b) 
i n c r e a s e s  t h e  d i r e c t  methane y i e l d ,  t h e  t r e n d s  a r e  s i m i l a r  i n  b o t h  
c a s e s .  The main impact  of i n c r e a s e d  p r e s s u r e  is  t o  s h i f t  t h e  c u r v e s  
towards  h i g h e r  temper a t  u r e s  . 

I n  F ig .  3 we g i v e  t h e  oxygen and s team r e q u i r e m e n t s  f o r  SNG 
p r o d u c t i o n  a s  a f u n c t i o n  o f  t e m p e r a t u r e  f o r  a two-s tage  c o u n t e r c u r r e n t  
and a one-mixed-stage g a s i f i e r .  The oxygen and s t eam r e q u i r e m e n t  a r e  
g i v e n  i n  t h e  form o f  t h e  per formance  pa rame te r  proposed  i n  r e f .  ( 7 )  and 
( 8 ) .  

W e  a l s o  g i v e  t h e  r e s u l t s  f o r  a two-s tage  c o u n t e r c u r r e n t  g a s i f i e r  

F ig .  2 is  based  on an oxygen s team g a s i f i e r  o p e r a t i n g  a t  

H 2 0 t  4 0 2  
E =  CH4 C O + H 2  t 4 C H q  

which is  p r o p o r t i o n a l  t o  t h e  e n e r g y  r e q u i r e m e n t s  t o  g e n e r a t e  t h e  f e e d  
f o r  0.25 mole CH . (The 0.25 CH was chosen  t o  make t h e  p a r a m e t e r  
comparable  t o  thd  per formance  pa fame te r  used f o r  syngas  and f u e l  g a s ,  
s e e  l a t e r ) .  

d i f f e r e n t  weight  t o  t h e  oxygen and s team r e q u i r e m e n t s  i n  t h e  f e e d .  
T h i s  we igh t ing  f a c t o r  is  based on ene rgy  r equ i r emen t  o f  t h e  f e e d  and 
c o r r e l a t e s  q u i t e  w e l l  w i t h  t o t a l  c o s t  o f  t h e  f eed  p r e p a r a t i o n .  Oxygen 
use a l s o  i n v o l v e s  a n o t h e r  p e n a l t y .  I f  i ts  u s e  is more t h a n  r e q u i r e d  by 
t h e  s t o i c h i o m e t r y  (8,13), i t  r e d u c e s  t h e  c o l d  g a s  e f f i c i e n c y .  To 
e v a l u a t e  t h i s  we need a comple t e  h e a t  b a l a n c e  o f  t h e  g a s i f i e r .  
However, s i m p l i f i e d  per formance  c r i t e r i a  s u c h  a s  g i v e n  h e r e ,  g i v e  a 
r e a s o n a b l e  p i c t u r e  of  t h e  impact  o f  p r o c e s s  p a r a m e t e r s  on c o s t  and 
the rma l  e f f i c i e n c y .  

E a s t e r n  c o a l .  None o f  these  is r e a l l y  commerc ia l ,  b u t  t h e  d a t a  i n  
e i t h e r  f o r  a semi-commercial  o p e r a t i o n  (Dry Ash L u r g i ,  BGC s l a g g e r ,  
Texaco) ,  o r  a l a r g e  p i l o t  p l a n t  ( s h e l l ,  Wes t inghouse ) .  W e  a l s o  g i v e  
t h e  per formance  o f  t h e  Exxon p r o c e s s  i n  an  e q u i v a l e n t  form. The Exxon 
g a s i f i e r  d o e s  n o t  u se  oxygen. I t  r e d u c e s  t h e  h e a t  o f  r e a c t i o n  r e q u i r e d  
by c r y o g e n i c a l l y  s e p a r a t i n g  t h e  CO and H from t h e  methane  and 
r e c y c l i n g  them t o  t h e  g a s i f i e r .  
is s u p p l i e d  by s u p e r h e a t i n g  t h e  r e c y c l e  s t r e a m  t o  1500°F by b u r n i n g  
p a r t  o f  t h e  p r o d u c t  g a s .  We t r y  t o  p r e s e n t  t h i s  g a s i f i e r  h e r e  i n  an  
e q u i v a l e n t  form by  u s i n g  an e q u i v a l e n t  amount o f  oxygen. T h i s  is 
o b t a i n e d  by computing t h e  e n e r g y  used by  t h e  c r y o g e n i c  s e p a r a t i o n  
p r o c e s s  pe r  mole n e t  methane produced and c o n v e r t i n g  i t  t o  oxygen by 
computing t h e  number o f  moles  o f  oxygen t h a t  c o u l d  b e  produced  by t h e  
same ene rgy .  T h i s  is r e a s o n a b l e  a s  t h e  c o s t  o f  an  oxygen p l a n t  and o f  
t h e  c r y o g e n i c  s e p a r a t o r  a r e  q u i t e  s i m i l a r  i f  based  on  t h e  same e n e r g y  
consumpt ion .  

T h i s  pa rame te r  is  an approx ima te  per formance  pa rame te r  which g i v e s  

In  F ig .  3 we a l s o  g i v e  a c t u a l  r e s u l t s  f o r  d i f f e r e n t  g a s i f i e r s  f o r  

The r e m i i n i n g  s m a l l  h e a t  o f  r e a c t i o n  

We n o t e  t h a t  a p r o c e s s  o p e r a t i n g  w i t h  oxygen a t  1500°F c l o s e  t o  

69 



e q u i l i b r i u m  would have  an advan tage  i n  terms o f  e n e r g y  expanded ove r  
t h e  Exxon p r o c e s s  a s  p roposed .  

a c a t a l y s t  t h a t  o p e r a t e s  a t  low t e m p e r a t u r e s .  A t  h igh  t e m p e r a t u r e s  
such  a s  i n  a s l a g g e r ,  i t  would n o t  a & f e c t  ateam and oxygen consumpt ion .  
But a t  low t e m p e r a t u r e s  such  a s  1400 -1500 F i ts  e f f e c t  would b e  v e r y  
b e n e f i c i a l .  However, i n  t h i s  c a s e  i t  is  e s s e n t i a l  t h a t  t h e  c a t a l y s t  
promotes t h e  m e t h a n a t i o n  r e a c t i o n .  

A two-s t age  scheme based  on such  a c a t a l y s t  a t  1500'F would be  
c o m p e t i t i v e  i n  t e r m s  o f  e f f i c i e n c y  wi th  t h e  Exxon g a s i f i e r  o p e r a t i n g  a t  
1300'F. I t s  o v e r a l l  t he rma l  e f f i c i e n c y  would be s l i g h t l y  b e t t e r  or 
equa l  and i n v e s t m e n t  c o s t  would be lower  e s p e c i a l l y  i f  t h e  h i g h e r  
t empera tu re  l e a d s  t o  f a s t e r  r e a c t i o n s  and lower r e s i d e n c e  t i m e s .  

The main problem would be  t h e  agg lomera t ion  o f  c a k i n g  c o a l s .  
P r e t r e a t m e n t  w i th  a c a t a l y s t  seems t o  p r e v e n t  t h i s  phenomenon. Another 
way o u t  i s  u s e  o f  a h i g h  v e l o c i t y  mixing  zone i n t o  which t h e  f r e s h  c o a l  
is i n t r o d u c e d .  

I n t r o d u c t i o n  o f  f r e s h  oxygen c a n  a l s o  c a u s e  a l o c a l l y  e x c e s s i v e  
t empera tu re  t h a t  would l e a d  t o  a g g l o m e r a t i o n .  One way o f  minimiz ing  
t h i s  is t o  i n t r o d u c e  t h e  oxygen t o g e t h e r  w i t h  t h e  s team and some 
r e c y c l e  g a s  (o r  c o a l  f i n e s ) .  T h i s  would r a i s e  s t eam t e m p e r a t u r e  i n  t h e  
f e e d .  By p r o p e r  d e s i g n  o f  t h e  s team n o z z l e s  and t h e  mixing zone ,  t h i s  
h e a t  would b e  e a s i e r  t o  d i s s i p a t e  t h a n  t h e  h e a t  g e n e r a t e d  by  d i r e c t  
c o m b r ? r ? r ? r u s t i o n  o f  oxygen i n s i d e  t h e  g a s i f i e r .  
? r  There  is  t h e r e f o r e  a s t r o n g  i n c e n t i v e  t o  l o o k  f o r  cheap  
c a t a l y s t s ? r  o p e r a t i n g  a t  1400'F t o  1500'F p rov ided  t h e y  n o t  o n l y  
a c c e l e r ? r ? r ? r a t e  t h e  g a s i f i c a t i o n  r e a c t i o n  b u t  a l s o  t h e  m e t h a n a t i o n  
r e a c t i o n .  I f  t h e y  promote  g a s i f i c a t i o n  o n l y ,  w e  r e a l l y  d e a l  w i t h  a 
c a s e  i d e n t i c a l  t o  f u e l  o r  syngas  p r o d u c t i o n  which w i l l  be  d i s c u s s e d  i n  
t h e  n e x t  s e c t i o n .  

is not  c l e a r  t h a t  a c h e a p  e f f i c i e n t  g a s i f i c a t i o n  c a t a l y s t  o p e r a t i n g  a t  
1500°F w i l l  a l s o  promote  me thana t ion .  
c a t a l y s t  b u t  l o s e s  i t s  a c t i v i t y  i n  t h e  p r e s e n c e  o f  s u l p h u r .  Su lphur  
r e s i s t a n t  m e t h a n a t i o n  c a t a l y s t s  a r e  known b u t  a r e  expens ive .  

r e p o r t  t h e  g a s i f i c a t i o n  r a t e  and do n o t  measure t h e  e f f e c t  o f  t h e  
c a t a l y s t  on m e t h a n a t i o n .  

a b l e  t o  g e t  a v e r y  s i m p l e  p r o c e s s  o f  s u p p l y i n g  t h e  p r o c e s s  h e a t  w i t h  
s u p e r h e a t e d  s team i n  a one - s t age  f l u i d  bed .  A t  1400-l5OO0F t h e  most 
promis ing  c a n d i d a t e  would be a two-s t age  f l u i d  b e d ,  t h e  upper  s t a g e  
o p e r a t i n g  a round 12QO'F and t h e  lower  s t a g e  a t  1400-150O0F. Heat could  
b e  s u p p l i e d  e i t h e r  bry d i r e c t  oxygen i n t r o d u c t i o n  o r  by s u p e r h e a t i n g  t h e  
steam t o  h i g h  t e m p e r a t u r e s  w i t h  oxygen and raw p r o d u c t  g a s .  
2 )  Syngas and Fue l  P r o d u c t i o n  

Syngas p r o d u c t i o n  is s i m i l a r  t o  f u e l  g a s  p r o d u c t i o n ,  w i th  one 
i m p o r t a n t  d i f f e r e n c e .  In f u e l  g a s  p r o d u c t i o n  t h e  p e r c e n t a g e  o f  methane 
i n  t h e  g a s  is i r r e l e v a n t .  I n  syngas  p r o d u c t i o n  t h e r e  is a premium f o r  
methane f r e e  syngas .  

t h e  p r e s e n c e  o f  methane  up t o  a c e r t a i n  amount (10% of  syngas )  h a s  o n l y  
a low p e n a l t y  i n  t h e  syngas  c o n v e r s i o n  p r o c e s s .  On t h e  o t h e r  hand ,  
t h e r e  is  a s e v e r e  p e n a l t y  t o  o p e r a t e  a g a s i f i e r  s u c h  t h a t  t h e  methane 
formed by d e v o l a t i l i z a t i o n  is d e s t r o y e d .  The d i f f e r e n c e  i n  c o s t  f o r  
syngas  from a BGC s l a g g e r  a s  compared t o  a S h e l l  or Texaco g a s i f i e r  is 
s u c h  t h a t  t h e  i n c r e m e n t a l  methane formed i n  t h e  s l a g g e r  is v e r y  cheap ,  
b o t h  i n  t e r m s  o f  i n c r e m e n t a l  i nves tmen t  and c o a l  u se .  

F i g s .  2 ,  3 and 4 g i v e  us a good p i c t u r e  o f  t h e  p o t e n t i a l  v a l u e  o f  

A t  1400°-15000F t h e r e  is v e r y  l i t t l e  chance  o f  a s h  a g g l o m e r a t i o n .  

One might  even  c o n s i d e r  us ing  a combina t ion  o f  two c a t a l y s t s  a s  i t  

I r o n  is  a good me thana t ion  

R e g r e t t a b l y ,  most s t u d i e s  i d  c a t a l y s i s  i n  c o a l  g a s i f i c a t i o n  o n l y  

I f  such  a c a t a l y s t  would o p e r a t e  a t  1l0O-l20OoF, t h e n  one  would be  

For some s y n g a s  p r o c e s s e s  such  a s  methanol  and F i s c h e r  Tropsch ,  

We t h e r e f o r e  would l i k e  t o  have  a g a s i f i e r  s u c h  a s  t h e  s l a g g e r .  
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Fig .  5 compares t h e  oxygen and s team r e q u i r e m e n t s  ( r e p o r t e d  a s  H o + 
40  ) f o r  a u n i t  o f  syngas .  I t  is j u s t  a r e p l o t  o f  Fig.  3 a s  w e  i l ea l  
hege wi th  t h e  same c o n s t r a i n t s .  
( h a l f  o f  f i n a l  p r o d u c t ) ,  and t h e r e f o r e  use  a s  a c r i t e r i o n  

We g i v e  h e r e  methane a reduced  v a l u e  

- H 2 0 +  4 0 2  
C O + H ~ +  2 ~ ~ 4  

For f u e l  g a s  t h e  denomina to r  would change  t o  C0+0.85H +2.83CH4 
( s e e  r e f .  8 ) .  
c o n c l u s i o n s  f o r  f u e l  g a s  would b e  v e r y  s i m i l a r .  

Looking a t  t h i s  r a t i o  f o r  t h e  v a r i o u s  c a s e s  i n  F ig .  5 ,  we n o t e  
a g a i n  t h e  advan tage  o f  a two-s tage  c o u n t e r c u r r e n t  u n i t .  W e  a l s o  n o t e  
t h a t  t h e  optimum is c l e a r l y  a t  a h igh  t a m p e r a t u r e  e s p e c i a l l y  i f  w e  want 
t o  minimize  methane a t  t h e  same the rma l  e f f i c i e n c y .  A c a t a l y s t  would 
n o t  change  t h a t .  A l l  a c a t a l y s t  would do is  t o  a l l o w  o p e r a t i o n  a t  
lower  t e m p e r a t u r e  c l o s e  t o  t h e  e q u i l i b r i u m  l i n e .  

Tha t  means we would have t o  pay a p r i c e  f o r  o p e r a t i n g  a t  l ower  
t e m p e r a t u r e .  T h i s  is j u s t i f i e d  i f  we need a g a s i f i e r .  f o r  c o a l s  n o t  
s u i t e d  f o r  t h e  s l a g g e r ,  o r  want t o  h a n d l e  f i n e s .  It  may a l s o  l e a d  t o  
s i m p l e r ,  more r o b u s t  g a s i f i e r s .  

Another g o a l  would be  a g a s i f i e r  f o r  a s m a l l e r  p l a n t  i n  which 
s i m p l i c i t y  has  a h i g h  v a l u e .  The t a r s  found i n  t h e  s l a g g e r  make t h e  
t o t a l  sys tem q u i t e  complex and less  s u i t a b l e  f o r  s m a l l e r  s i z e d  p l a n t s .  

Here a g a s i g i e r  o p e r a t i n g  c l o s e  t o  e q u i l i b r i u m  a t  t e m p e r a t u r e s  
a round 1500-1800 F cou ld  have s i g n i f i c a n t  advan tages .  We want t h e  
t e m p e r a t u r e  t o  be a s  h i g h  a s  p o s s i b l e ,  c l o s e  t o  t h e  l i m i t  d i c t a t e d  b y  
agg lomera t ion .  However, g a s i f i c a t i o n  a t  t h e s e  t e m p e r a t u r e s  is s low.  
T h i s  is  e s p e c i a l l y  t r u e  a t  h i g h  ca rbon  c o n v e r s i o n .  G a s i f i c a t i o n  r a t e  
seems t o  d r o p  s e v e r e l y  a s  c o n v e r s i o n  exceeds  70% ( 9 ) .  One way t o  
a c h i e v e  h igh  c o n v e r s i o n  is  t o  o p e r a t e  wi th  e x c e s s  oxygen. P a r t i a l  
combust ion  of c h a r  t o  C O  is f a s t .  One t h e n  h a s  t o  remove t h e  excess 
h e a t .  One can e i t h e r  o p e r a t e  a t  v e r y  h igh  t e m p e r a t u r e s  i n  a s i n g l e  
s t a g e  g a s i f i e r  ( S h e l l ,  Koppers Totzek  and Texaco) or use  e x c e s s  s t eam 
o r  r e c y c l e  g a s  a s  a c o o l a n t  (Wink le r ,  Wes t inghouse ) .  T h i s  r e d u c e s  t h e  
the rma l  e f f i c i e n c y ,  a s  can  be  no ted  from F i g s .  4 and 5. 

A l l  p r e s e n t  f l u i d  bed g a s i f i e r s  o p e r a t e  i n  t h e  p a r t i a l  combust ion  
r eg ime ,  u s ing  l a r g e  e x c e s s e s  o f  oxygen and s team a s  compared t o  
e q u i l i b r i u m  requ i r emen t .  We d e f i n e  t h i s  reg ime o f  t h e  oxygen-to- 
c o n v e r t e d  c o a l  r a t i o  ( 8 ) .  I f  t h i s  exceeds  t h e  r a t i o  r e q u i r e d  t o  
c o n v e r t  a l l  ca rbon  t o  CO w e  c a l l  t h e  g a s i f i e r  a p a r t i a l  combus to r .  

Ref.  ( 8 )  shows t h a t  t h e  c r i t i c a l  r a t i o  o f  O2 t o  c a r b o n  t h a t  
d i s t i n g u i s h e s  g a s i f i c a t i o n  from p a r t i a l  combust ion  can be  d e f i n e d  f o r  a 
c o a l  o f  compos i t ion  CHaOb a s  

B u t  h e r e  we a r e  i n t e r e s t e d  i n  syngas .  The & e r a 1 1  

I - b  
2 %,it - 

The v a l u e s  of R f o r  an  e q u i l i b r i u m  g a s i f i e r  w i t h o u t  methane f o r m a t i o n  
i n  t h e  g a s i f i c a t i o n  zone was g i v e n  i n  F ig .  4 .  Values  o f  t h e  
West inghouse  p i l o t  p l a n t ,  a s  w e l l  a s  o t h e r  g a s i f i e r s ,  a r e  g i v e n  i n  t h e  
same p l o t .  We n o t e  t h a t  w h i l e  a l l  e q u i l i b r i u m  g a s i f i e r s  have  a v a l u e  
o f  R less  than  RcEA,.Ccal o n l y  t h e  c o u n t e r c u r r e n t  g a s i f i e r s  a c h i e v e  s u c h  
low v a l u e  and i n  s e n s e  t h e y  a r e  a t  p r e s e n t  t h e  o n l y  t r u e  
g a s i f i e r s .  Cheap c a t a l y s t s  c o u l d  a l l o w  f l u i d  b e d s  t o  o p e r a t e  i n  t h e  
same regime and t h e r e b y  i n c r e a s e  t h e i r  e f f i c i e n c y .  

r e a c t i o n  ( 3 )  a t  h i g h  c o a l  c o n v e r s i o n  and t e m p e r a t u r e s  o f  a b o u t  1600'F. 
S e v e r a l  cheap  c a t a l y s t s  t e s t e d  seem t o  have  t h e  p r o p e r t y  and m e r i t  
f u r t h e r  i n v e s t i g a t i o n .  

Here,  t h e  o n l y  c a t a l y s t  p r o p e r t y  t h a t  c o u n t s  is  promot ion  o f  
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3 )  
One p o t e n t i a l  a r e a  o f  c a t a l y s i s  t h a t  h a s  been c o m p l e t e l y  n e g l e c t e d  

i s  t h e  d i r e c t  r e a c t i o n  o f  c o a l  w i th  H and steam. When c o a l  
d e v o l a t i l i z e s  p r i m a r y  p y r o l y s i s  p r o d u z t s  a r e  formed (1,12,13,14), which 
t h e n  e i t h e r  decompose i n t o  c h a r  and g a s e s  o r  r e a c t  w i th  s team o r  
hydrogen .  Sometimes t h i s  is c a l l e d  a c t i v e  c h a r ,  b u t  we r e a l l y  d e a l  
w i t h  a r e a c t i o n  o f  p y r o l y s i s  i n t e r m e d i a t e s  w i t h  s t e a m  ( o r  h y d r o g e n ) .  
T h i s  r e a c t i o n  c a n  be  promoted by h igh  t e m p e r a t u r e s  and h i g h  s team o r  
hydrogen p r e s s u r e .  T h i s  i n v o l v e s  o t h e r  p e n a l t i e s .  An a t t r a c t i v e  
a l t e r n a t i v e  would be  a c h e a p  c a t a l y s t  t h a t  p romotes  t h e  r e a c t i o n  o f  
p y r o l y s i s  p r o d u c t s  w i t h  s team.  To b e  r e a l l y  a t t r a c t i v e  t h i s  c a t a l y s t  
shou ld  p r e f e r a b l y  a l s o  promote t h e  decompos i t ion  o f  t a r s  and p h e n o l s  
and should  o p e r a t e  a t  modera te  p r e s s u r e s  ( 4 0 0  p s i )  and low t e m p e r a t u r e s  
( less t h a n  1400'F). 

Shinna r  e t  a l .  (10) d i s c u s s  thermodynamic r e a s o n s  why d i r e c t  
r e a c t i o n  o f  c o a l  w i t h  s t eam is  n o t  l i k e l y .  I t  is  much more l i k e l y  t o  
i n v o l v e  an  i r r e v e r s i b l e  i n t e r m e d i a t e  s t e p ,  which would l e a d  t o  t h e  
o v e r a l l  r e a c t i o n  
c o a l  + s t eam ( o r  hydrogen)  -> p r o d u c t s  + c h a r  

s u c h  r e a c t i o n  i n  t h e  p r e s e n c e  o f  c a t a l y s t s  a t  r e a s o n a b l e  t e m p e r a t u r e s  
and p r e s s u r e s  c o u l d  be  of s i g n i f i c a n t  v a l u e .  Another item is t h e  
d e c o m p o s i t i o n  o f  t a r s  and pheno l s  found d i r e c t l y  i n  t h e  
d e v o l a t i l i z a t i o n  s t a g e ,  a t  r e a s o n a b l y  low t e m p e r a t u r e s  ( 1 1 0 0 - 1 2 0 0 ° F ) .  
Here  t h e r e  a r e  a r a n g e  of c a t a l y s t s  t h a t  c o u l d  have  t h i s  e f f e c t .  The 
problem is t h a t  s u c h  c a t a l y s t s  must be e f f e c t i v e  i n  r e a s o n a b l y  s m a l l  
amounts.  O t h e r w i s e ,  t h e  a s h  removal problem becomes more d i f f i c u l t .  
4 )  Gas c l e a n u p  

D e v o l a t i l i z a t i o n  o f  c o a l  l e a d s ,  i n  a d d i t i o n ,  t o  methane ,  CO and  
H a l s o  t o  t a r s  and p h e n o l s .  I n  a two-s tage  f l u i d  bed i t  would b e  
d8 ; i r ab le  t o  decompose them i n  t h e  d e v o l a t i l i z a t i o n  zone ,  which should  
be  p o s s i b l e  and c o u l d  b e  one  of t h e  main a d v a n t a g e s  o f  f l u i d  bed  
g a s i f i e r s .  However, i n  a s l a g g e r  t h i s  i s  i m p o s s i b l e  and i t  would be  
v e r y  d e s i r a b l e  i f  we had a c a t a l y s t  which c o u l d  decompose t h e s e  t a r s  
and oxygena te  w i t h  low e x c e s s  o f  s t eam,  which is  p r o b a b l y  v e r y  ha rd  t o  
a c h i e v e .  However, t h e  g a s  i n  a Dry Ash Lurgi  used f o r  Western  c o a l s  
c o n t a i n s  a l m o s t  50% e x c e s s  s team.  A c a t a l y s t  t h a t  decomposes a l l  
p h e n o l s  and t a r s  would make g a s  c l e a n u p  and was te  wa te r  removal s i m p l e r  
and cheape r  f o r  s u c h  a g a s i f i e r  and cou ld  have  s i g n i f i c a n t  v a l u e  i f  Dry 
Ash Lurgi g a s i f i e r s  e v e r  become more w i d e l y  used. 
Summary and Conc lus ion  

S e v e r a l  key  a r e a s  have  been i d e n t i f i e d  i n  which p r o p e r ,  c h e a p  
d i s p o s a b l e  c a t a l y s t s  c o u l d  have s i g n i f i c a n t  impact  on c o a l  g a s i f i c a t i o n  
p r o c e s s e s .  

For S N G  p r o d u c t i o n  i t  would be d e s i r a b l e  t o  f i n d  a c h e a p e r  
throwaway c a t a l y s t  o p e r a t i n g  a t  low t e m p e r a t u r e s ,  p r e f e r a b l y  be low 
1200'F.  
s i g n i f i c a n t  a d v a n t a g e s  w i t h  a c a t a l y s t  o p e r a t i n g  a t  1400-1500°F 
prov ided  t h e  c a t a l y s t  ( o r  m i x t u r e  o f  c a t a l y s t s )  p romotes  bo th  
g a s i f i c a t i o n  and m e t h a n a t i o n  o f  CO. A g a s i f i e r  d e s i g n  t h a t  c o u l d  
u t i l i z e  such a c a t a l y s t  i n  an o p t i m a l  way is descr ibed .  

A c a t a l y s t  t h a t  would promote d i r e c t  f o r m a t i o n  o f  methane ( w i t h o u t  
CO and H a s  i n t e r m e d i a t e )  would be d e s i r a b l e  a t  h i g h  t e m p e r a t u r e s  bu t  
no such z a t a l y s t  i s  i n  s i g h t .  

F o r  s y n g a s  p r o d u c t i o n  t h e  a d v a n t a g e s  a r e  s m a l l e r  and we r e q u i r e  a 
c a t a l y s t  t h a t  p romotes  g a s i f i c a t i o n  w i t h o u t  promot ing  m e t h a n a t i o n .  
Such a c a t a l y s t  c o u l d  overcome t h e  i n h e r e n t  d i s a d v a n t a g e s  o f  f l u i d  beds 
and a l l o w  development  o f  e f f i c i e n t  f l u i d  bed g a s i f i e r s .  

Another  a r e a  d i s c u s s e d  is c a t a l y s t s  t h a t  would promote b e t t e r  
y i e l d s  i n  t h e  d e v o l a t i l i z a t i o n  s e c t i o n  by promot ing  t h e  r e a c t i o n s  o f  

Devola t i l  i za t i  on 

The amount o f  c h a r  c o u l d  be  q u i t e  s m a l l  ( l e s s  t h a n  4 0 % ) .  S tudy  o f  

As such  a c a t a l y s t  is n o t  i n  s i g h t ,  one cou ld  a l s o  a c h i e v e  
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P y r o l y s i s  p r o d u c t s  w i t h  s team a t  low t e m p e r a t u r e s  and p r e s s u r e s ,  t o  
p r e v e n t  t h e i r  p o l y m e r i z a t i o n .  

Also  o f  p o t e n t i a l  impor t ance  i s  t h e  c a t a l y t i c  decompos i t ion  o f  
t a r s  and oxygenated  compounds i n  t h e  o f f g a s e s  o f  a Lurg i  Dry Ash 
g a s i f i e r .  
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2 0 0  2100 3000 

b :  1000 PSI 
Fig. 2. 
~ f f e c c  of pressure. tempere.ture. qasifier design and promotion of the merhanarlon reaction. 

A )  

Direct  ethane Yield in a S t e a m  Oxygen-Blwn coal Gasifier a t  Global Equilibrium. 

hro-stage C O U ~ L E I C U ~ ~ E ~ ~  gasifier (model 111, rig. I ) :  
temperature stage ( l O O O ° F ) .  
(Temperature shown is temperature of high temperature stagel. 

Devolat11tzat~on in 1w 
Global equilibrium over char in high temperature stage. 

8)  One-stage mixed gasifier, g l o ~ a l  equ~librium. 
c )  
D) 

similar t o  A .  but no mathane formation in gasifier stage. 
one-stage mixed gasifier, with devalatillration (see t e x t ) .  
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F i g .  3. Oxygen and steam r q u i r e m e n t s  for g a s i f i e r .  in Figure 1. 

For explanat ion of curves see Figure 2 .  
*For Uxon gasifier aee t e x t  far explanat ion.  
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